
C H A P T E R  I I

LITERATURE REVIEW

2.1 General

C e m e n t p ro d u c tio n  is an  ex tre m e ly  e n e rg y -in te n s iv e  p ro c e ss . T h e  av erag e  
en e rg y  re q u ire m e n t to  p ro d u c t 1 ton  o f  c e m e n t is a p p ro x im a te ly  4 .4  m illio n  B tu  
(U llm an , 1991). T h is  a m o u n t o f  en e rg y  is ro u g h ly  e q u iv a le n t to  4 0 0  p o u n d s  o f  coal. 
B ecau se  o f  th e  v a s t en e rg y  re q u ire m e n ts , th e  c e m e n t in d u s try  is c o n tin u a lly  
in v e s tig a tin g  m o re  e c o n o m ic a l p ro d u c tio n  te c h n o lo g ie s  an d  fu e l o p tio n s . In  th e  1970s, 
th e  บ .ร . c e m e n t in d u s try  reco g n iz e d  th a t h a z a rd o u s  w as te  w ith  a  h ig h  en e rg y  an d  low  
c h lo r in e  c o n te n t co u ld  be u sed  as  a  fuel in  c e m e n t k iln s  (C o s tn e r  an d  T h o rn to n , 1990). 
T h is  id e a  is c o n tin u a lly  n eed ed  to  m an ag e  h a z a rd o u s  w aste . A t p re se n t, o n e  o f  m o re  
c o n tro v e rs ia l o p tio n s  in  w as te  m an a g e m e n t is th e  b u rn in g  o f  h a z a rd o u s  w as te  in  
c e m e n t k iln s . T h e  m o s t s ig n if ic a n t b e n e fits  a re  re c o v e ry  o f  th e  e n e rg y  v a lu e  fro m  th e  
h a z a rd o u s  w as te , c o n se rv a tio n  o f  n o n re n e w a b le  fo ss il fu e ls , a n d  re d u c tio n  in  a  
fa c il i ty ’s fu e l co s ts . R e g a rd le ss  o f  th e se  b en e fits , sev e ra l is su e s  m u s t be  co n sid e red . 
T h e  m o s t im p o rta n t o f  th e  u tiliz a tio n  o f  h a z a rd o u s  w a s te  a s  a  fu e l in  th e  c e m e n t 
in d u s try  is  th a t i t  c a n  b u m  h a z a rd o u s  w a s te  sa fe ly  an d  it d o e s  n o t a d v e rse ly  a ffec t 
h u m a n  h ea lth .

2.2 Cement production process

In  g en e ra l, th e re  a re  3 p ro c e sse s  to  p ro d u c e  c e m e n t w h ic h  a re  w e t p ro cess , 
s e m id ry  p ro c e ss , an d  d ry  p ro c e ss  (P e ray , 1986).

In  th e  w e t p ro c e ss , th e  ra w  m ate ria l is b le n d e d  w ith  w a te r  to  ra ise  
h o m o g e n iz a tio n  o f  th e  m ix tu re . T h e  re su ltin g  s lu rry , w h ic h  is  ty p ic a lly  30  to  4 0 %  
w a te r, is  fed  d ire c tly  in to  th e  k iln . In  c o m p a riso n  w ith  a  d ry  p ro c e ss  k iln  o f  th e  sam e 
d ia m e te r , a  w e t p ro c e ss  k iln  n eed s  an  a d d itio n a l z o n e  (d e h y d ra tio n  z o n e )  to  rem o v e
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the water from the raw material. To produce an equivalent amount of clinker, a wet 
process kiln requires more fuel than a dry process kiln because of the extra heat 
required to evaporate the water. However, in actual operation of a kiln this 
fundamental fact does not always hold entirely true. The advantages of a wet process 
are:

• Feed is blended more uniformly than in the dry process
• Dust losses are usually smaller.
• In moist climate regions, wet processing of the raw material is more 

suitable than dry because of moisture already present in the blend 
materials.

In the semidry process, water typically 10 to 15% is added to the ground dry 
feed material. The pellets that result are loaded onto a traveling grate through which 
the cement kiln’s hot exit gases are drawn. By the time the feed material reaches the 
kiln entrance, the water has evaporated and calcination has begun. Since the hot exit 
gases of the kiln are used to dry, preheat, and initiate calcination of the feed material, 
the semidry process is extremely energy efficient.

In  th e  d ry  p ro c e ss , th e  raw  m ate ria l e n te rs  th e  k iln  in  a  d ry  p o w d e re d  fo rm . 
T h is  p ro c e s s  is  c h a ra c te r iz e d  by  th ree  ty p es o f  c e m e n t k iln s  w h ic h  a re  th e  d ry  k iln , the  
p re h e a te r  k iln , a n d  th e  p re c a lc in e r  k iln . T h e  o ld e s t ty p e  is k n o w n  s im p ly  a s  th e  dry  
k iln . T h e  p re h e a te r  k iln  b ecam e  p o p u la r  a fte r  W o rld  W ar II. T h is  ty p e  o f  k iln  is 
e q u ip p e d  w ith  a  to w e r  o f  h e a t-e x c h an g in g  cy c lo n es  in  w h ic h  th e  raw  m a te ria l is 
p re h e a te d  a n d  p a r tia l ly  c a lc in e d  by  th e  k i ln ’s e x it g a ses  p r io r  to  e n te r in g  th e  ac tu a l 
k iln . B e c a u se  o f  th e  b u ild u p  o f  v o la tile  c o m p o n e n ts  su ch  as  a lk a li sa lts , su lfu r  and 
ch lo r id e s  in  th e  lo w e r  cy c lo n e  s tag es  an d  k iln  e n tran ce , th e  p re h e a te r  k iln  m u st be 
e q u ip p e d  w ith  a  b y p a ss  to  d iv e r t a  p o rtio n  o f  th e  k i ln ’s h o t e x it  g a se s  fro m  th e  to w e r 
to  a ir  p o llu tio n  c o n tro l d ev ice s . T h e  p re c a lc in e r  k iln  re p re se n ts  th e  m o s t re cen t 
te c h n o lo g ic a l a d v a n c e m e n ts . T h e  p re c a lc in e r  k iln  is id en tic a l to  th e  p re h e a te r  k iln  
e x c e p t th a t  a  s e c o n d a ry  f irin g  d ev ice  is ad d ed  to  th e  lo w er s tag e  o f  th e  p reh ea te r  
to w e r  in  w h ic h  fu r th e r  c a lc in a tio n  o f  th e  m a te ria l o ccu rs . C o n se q u e n tly , th e  m a jo rity  
o f  th e  m a te r ia l th a t  e n te rs  th e  k iln  is co m p le te ly  c a lc in ed . T h e  c e m e n t p ro d u c t p ro cess  
is sh o w n  in  th e  f ig u re  2.1
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Figure 2.1 Cement production process (Karl and Richter, 2004)

23  Kiln system chemistry

Cement manufacturing consists of raw meal grinding, blending, pre-calcining, 
clinkering, burning and cement grinding. The chemical reactions occur at pre­
calcining, and burning processes. The most important oxides that participate in the 
reactions are CaO, SiC>2 , AI2O3 and Fe2 0 3 . This raw meal is blended and sent to a 
rotary kiln. The temperature is increased when transported from the meal feed to the 
rotary kiln. First, water is removed from raw material when the temperature is higher 
than 100°c. Then, the temperature is reached to the range of 700-900°C, which is 
called calcining zone. In this zone, calcium carbonate is changed to calcium oxide and 
carbon dioxide. After that, the temperature is increased to the range of 900-l,200°C. 
In this zone, calcium oxide reacts with silica dioxide to produce dicalcium silicate 
(C2S). Then, calcium oxide reacts with dicalcium silicate to produce tricalcium 
silicate (C3S). Tricalcium silicate occurs at the temperature range 1,250-1,450°c. 
After that, the temperature is decreased very quickly to prevent decomposition of
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tr ic a lc iu m  s ilic a te . D u rin g  the  c o o lin g  step , tr ic a lc iu m  a lu m in a te  an d  tre taca lc iu m  
a lu m in o fe rr ite  is fo rm ed . T h e  ch em ica l re ac tio n s  o f  e a c h  s tep  a re  sh o w n  in the  
e q u a tio n  b e lo w . A fte r  th a t, th e  c lin k e r w as g ro u n d  an d  h o m o g e n o u s  m ix ed  w ith  
g y p su m . T h e  p ro d u c t is c a lled  cem en t (A lso p , 1998).

C a C 0 3 -------- ----------- —► C aO  +  C 0 2 (2 . 1 )
2 C aO  +  SiC>2 ------- —► 2 C a 0 S i 0 2 ( 2 .2 )
C aO  +  C 2S ------------------ ► 3 C a 0 S i 0 2 (2 .3 )

2 C a O  +  C a 0 - A l 2 0 3 ------------------ ► 3 C a 0 -A l 2 0 3 (2 .4 )
C aO  +  C a O A L C L  +  2 C a 0 -Fe2 0 3 -------------► 4 C a 0 A l 2 0 3 -Fe 2 0 3 (2 .5 )

2 .4  R a w  M a te r ia l s

T h e  p ro d u c tio n  o f  c em e n t req u ires  th e  fo llo w in g  co m p o n e n ts : c a lc iu m  
c a rb o n a te  (C aC C L ), s ilic a  (S iÛ 2 ), a lu m in a  (A I2 O 3 ), an d  iro n  o x id e  (F e 2 C>3 ). L im es to n e  
ty p ic a lly  p ro v id e s  th e  c a lc iu m  ca rb o n a te . C lay  o r sh a le  p ro v id e s  th e  re m a in in g  
c o m p o n e n ts . T h e  ty p ic a l c o m p o n e n t o f  so m e  raw  m a te r ia ls  is  sh o w n  in  th e  T a b le  2 .1 .

T a b le  2 .1  T y p ic a l c o m p o s itio n  (%  w e ig h t)  o f  so m e  raw  m a te r ia ls
C o m p o n e n t L im e s to n e M arl C lay S an d B a u x ite Iro n  o re

L O I 4 0 .3 8 24 .68 7 .19 0 . 2 15-20 5-12
S i 0 2 3 .7 6 27 .98 6 7 .2 9 99 .2 16-22 2 0 -2 5

A I 2 O 3 1 . 1 0 10.87 8 .97 - 4 4 -5 8 3-9
F e 2 0 3 0 .66 3 .08 4 .28 0.5 10-16 4 5 -6 0
C aO 5 2 .4 6 30 .12 7 .27 - 2 -4 0 .5 -2 .5
M g O 1.23 1.95 1.97 - 0 .2 - 1 . 0 1.5-7
K 20 0 .18 0 . 2 0 1 . 2 0 - - 0 .3 -0 .6

N a 20 0 . 2 2 0.33 1.51 - - -
S 0 3 0 . 0 1 0 .70 0 .3 2 - - -

T o ta l 1 0 0 . 0 99.91 1 0 0 9 9 .9 - -
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T h e  ra w  m a te r ia ls  u sed  in  th e  cem e n t p ro d u c tio n  p ro c e ss  n a tu ra lly  co n ta in  

m e ta ls  a n d  h a lo g e n s . T h u s , an tim o n y , a rsen ic , b a r iu m , b e ry lliu m , cad m iu m , 
c h ro m iu m , le ad , m e rcu ry , n ick e l, se len iu m , s ilv e r, th a lliu m , v a n a d iu m , z in c , b ro m in e , 
c h lo rin e , f lu o rin e , a n d  io d in e  a re  ty p ica lly  p re se n t in  th e  ra w  m a te r ia ls . T h e  am o u n ts  
o f  th e se  c o m p o n e n ts  d e p e n d  on  th e  g eo lo g ica l fo rm a tio n s  fro m  w h ic h  th e  raw  
m a te r ia ls  a re  m in ed .

2 .5  C h e m ic a l  c o m p o u n d s  o f  c e m e n t  c l in k e r

T h e  ra w  m a te r ia ls  u sed  in  th e  m an u fac tu re  o f  P o rtla n d  c e m e n t c o n s is t m a in ly  
o f  lim e , s ilic a , a lu m in a  an d  iro n  o x id e . T h ese  c o m p o u n d s  in te ra c t w ith  o n e  a n o th e r in 
th e  k iln  to  fo rm  a  se rie s  o f  m o re  c o m p lex  p ro d u c ts  an d , a p a r t fro m  a sm a ll re s id u e  o f  
u n c o m b in e d  lim e  w h ic h  h a s  n o t h ad  su ffic ie n t tim e  to  reac t, a  s ta te  o f  ch em ica l 
e q u ilib r iu m  is  re a c h e d . H o w e v e r, e q u ilib r iu m  is n o t m a in ta in e d  d u rin g  co o lin g , and  
th e  ra te  o f  c o o lin g  w ill a ffe c t th e  d eg ree  o f  c ry s ta lliz a tio n  an d  th e  a m o u n t o f  
a m o rp h o u s  m a te r ia l p re se n t in  th e  co o le d  c lin k e r. F o u r  m a jo r  c o m p o u n d s  o f  c em en t 
a re  lis te d  in  ta b le  2 .2 .

T a b le  2 .2  M a jo r  c o m p o u n d s  o f  P o rtla n d  cem e n t (T ay lo r, 1990)

N a m e  o f  c o m p o u n d O x id e  c o m p o s itio n A b b re v ia tio n
T r ic a lc iu m  s ilic a te 3 C a 0 .S i0 2 c3 ร (a lite )
D ic a lc iu m  s ilic a te 2 C a 0 .S i 0 2 c2ร (b e lite )

T r ic a lc iu m  a lu m in a te 3 C a 0 .A l 2 0 3 C 3A  (a lu m in ite )
T e tra c a lc iu m  a lu m in o fe rr ite 4 C a 0 .A l 2 0 3 .F e 2 0 3 C 4 A F  (fe rrite )

T h e  c a lc u la tio n  o f  th e  p o te n tia l c o m p o s itio n  o f  P o rtla n d  c e m e n t is  b ased  on  
th e  w o rd  o f  R .H . B o g u e  an d  o th e rs , an d  is o ften  re fe rred  to  as  “ B o g u e  c o m p o s itio n ” . 
B o g u e ’s e q u a tio n s  fo r  th e  p e rc e n ta g es  o f  m a in  c o m p o u n d s  in  c e m e n t a re  g iv e n  b e lo w  
(B e rn a l e t .a l., 1952).



C 3S =  4 .0 7 (C a O )-7 .6 0 (S iO 2) -6 .7 2 (A l2O 3) - l  -43 (F e20 3) - 2 .8 5 ( S 0 3) (2 .6 )
C 2S =  2 .8 7 ( S i0 2) -  0 .7 5 (3 C aO -S iO 2) (2 .7 )
C 3A  =  2 .65(A 120 3) -  1.6 9 (F e20 3) (2 .8 )
C 4 A F  =  3 .0 4 (F e 2O 3) (2 .9 )
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E s tim a tin g  th e  c o m p o s itio n  o f  c em e n t is a id ed  by  m o re  ra p id  m e th o d s  o f  
d e te rm in in g  th e  e le m e n ta l c o m p o s itio n , su ch  as X -ray  f lu o re sc e n c e , X -ray  d iffra c tio n  
sp e c tro m e te r, a to m ic  a b so rp tio n , flam e  p h o to m e try , an d  e le c tro n  p ro b e  m ic ro ­
an a ly sis . X -ra y  d iffra c to m e try  is u se fu l in  th e  d e te rm in a tio n  o f  f ree  lim e.

T ric a lc iu m  s ilic a te , w h ic h  is c a lled  a lite , is an  im p o rta n t c o m p o s itio n  as it is 
re sp o n s ib le  m a in ly  fo r  ea rly  s tren g th  d e v e lo p m e n t o f  m o rta r  an d  co n cre te . c3ร is a  
h ig h ly  h y d ra u lic  c o m p o u n d  o ccu rs  in  a m o u n ts  o f  5 0 -9 0 %  in  P o rtla n d  cem en ts . c3ร is 
fo rm ed  ab o v e  1250°c by  a  re a c tio n  o f  c2ร an d  C aO  an d  c a n  be  m e ta s ta b ly  o b ta in e d  
by  ra p id  c o o lin g  o f  th e  m ix tu re s . T h e  c ry s ta llin e  s tru c tu ra l m o d e l is g iv e n  in  F ig u re
2 .2  (a).

D ic a lc iu m  s ilic a te , w h ic h  is c a lled  b e lite , m a in ly  o c c u rs  in  an  a m o u n t o f  10- 
4 0 %  in  th e  c lin k e r . C 2S is  c ap ab le  o f  in c o rp o ra tin g  la rg e r  a m o u n ts  o f  fo re ig n  io n s  
th a n  C 3 S. A c tiv a te d  c 2ร c a n  b e  o b ta in e d  by  ra p id  c o o lin g , la ttic e  d is to r tio n s  by  so lid  
so lu tio n s , c ry s ta l s iz e , c ry s ta llo c h e m ic a l c h a n g e s  a n d  c h e m ic a l sh if t  o f  b o n d in g  
en e rg ies . T h e  s tru c tu ra l m o d e l o f  c 2ร is  sh o w n  in  F ig u re  2 .2  (b).

T ric a lc iu m  a lu m in a te , w h ich  is c a lled  a lu m in ite , is  re sp o n s ib le  fo r th e  
w o rk a b ility  o f  th e  m o rta r . T h e  h ig h e r  th e  C 3A  c o n te n t, th e  h ig h e r  th e  p la s tic ity  o f  th e  
m o rta r. T h is  e x p la in s  w h y  raw  m ate ria l fo r p la s tic  c e m e n ts  h a s  a  h ig h e r  C 3A  p o ten tia l 
th a n  ty p ica l c e m e n t. T h e  C 3A  h as  6 - 8 %  o f  th e  c lin k e r. C o n c re te  c o n ta in in g  cem e n t 
h ig h  in  C 3A  is n o t a s  re s is ta n t to  a tta ck  by  su lfa te s  in  so il o r  w a te r  e x p o su re  as is 
co n c re te  m a d e  w ith  lo w  C 3A  cem en t. T h e  s tru c tu ra l m o d e l o f  C 3A  is  sh o w n  in  F ig u re
2 . 2  (c).
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T e tra c a lc iu m  a lu m in o fe rr ite , w h ich  is ca lled  fe rrite , g o v e rn s  th e  c o lo r o f  the 

cem en t. T h e  h ig h e r  th e  c o n te n t o f  C4AF in  th e  c lin k e r  c a u se s  th e  d a rk e r  th e  cem en t. 
Iron  h as  th e  d e s ira b le  p ro p e rty  o f  a c tin g  as  a  f lu x in g  ag en t in  th e  k iln , fa c ilita tin g  
fo rm a tio n  o f  o th e r  c o m p o u n d s  o f  th e  c e m e n t a t so m e w h a t lo w e r te m p e ra tu re  than  
w o u ld  o th e rw ise  b e  p o ss ib le . T h e  s tru c tu ra l m o d e l o f  C4AF is sh o w n  in  F ig u re  2 .2  (d) 
(B e n s te d  an d  B a rn e s , 2 0 0 2 ; B ro w n , 1948).

(a)

(c ) (d )
F ig u r e  2 .2  S tru c tu re  m o d e l o f  m a jo r  c o m p o n e n ts  o f  c lin k e r: (a )  C 3 S (b ) C 2 S (c) 
C 3 A  (d ) C 4 A F  (B e n s te d  a n d  B a rn es , 2 0 0 2 )



2.6 Hazardous waste as a supplemental fuel and raw material

T y p ic a lly , a  c e m e n t k iln  is f ired  w ith  coal, p e tro le u m  co k e , o il, o r  n a tu ra l gas. 
H o w ev e r, so m e  c e m e n t p ro d u c tio n  fac ilitie s  h av e  u sed  h a z a rd o u s  w as te  to  rep lace  a 
p o rtio n  o f  th e ir  c o n v e n tio n a l fuel and  raw  m ate ria l. B u rn in g  h a z a rd o u s  w as te  in 
c e m e n t p ro d u c tio n  p ro c e ss  is n o t o n ly  d isp o s in g  h a z a rd o u s  w as te , b u t a lso  reco v e r 
en e rg y  fro m  th e  w as te . N o rm a lly , th e  w aste  th a t d isp o se d  in  c e m e n t k iln  co n s is ted  o f  
u sed  o il, so lv e n t, tire s , w as te  w o o d , an d  slu d g e  fro m  w as te  w a te r  tre a tm e n t p lan t. 
E x a m p le s  o f  th e  w a s te  a re  sh o w n  in  F ig u re  2.3 an d  T ab le  2 .3 . T h e se  w as te  co n sis ted  
o f  h eav y  m e ta l su c h  as  lead  in  u se d  o il an d  so lv en t, c o b a lt an d  c a d m iu m  in  p la s tic , 
c h ro m iu m  an d  n ic k e l in  s lu d g e  an d  z in c  in  o ld  tires .

T h e  h a z a rd o u s  w a s te  d o es  n o t h av e  e n e rg y  v a lu e  an d  th e  c o m p o s itio n  o f  th em  
s im ila r  to  ra w  m a te r ia l o f  c e m e n t su ch  as  SiC>2 , AI2O3 an d  Fe2Û3. It h as  u sed  as 
a lte rn a tiv e  ra w  m a te r ia l. F o r  th e  w as te  to  se rv e  as  a  su ita b le  su p p le m e n ta l fu e l, it m u st 
be  c o m b u s tib le  an d  h a v e  s ig n if ic a n t en e rg y  co n ten t. T h e  a d v a n ta g e s  o f  th e  u se  o f  
h a z a rd o u s  w a s te  a s  a lte rn a tiv e  fu e l o r  a lte rn a tiv e  ra w  m a te r ia l a re  fo llo w in g :

•  C o n se rv a tio n  o f  n o n re n e w a b le  fo ssil fu e ls
•  R e d u c tio n  in  p ro d u c tio n  co sts
•  U se  e x is tin g  te c h n o lo g y  to  tre a t la rg e  v o lu m e s  o f  h a z a rd o u s  w as te
•  W a s te  tre a tm e n t d o e s  n o t req u ire  an y  a d d itio n  so u rc e  o f  h ea t
•  T h e re  is  n o  in c re a se  in  d isc h a rg e s  to  th e  a tm o sp h e re .

F ig u r e  2 .3  E x a m p le s  o f  th e  w a s te  d isp o se  in  c e m e n t k iln
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T a b le  2 .3  E x a m p le s  o f  w as te  u sed  as a lte rn a tiv e  raw  m a te ria l an d  a lte rn a tiv e  fuel

A lte rn a tiv e  ra w  m ate ria l A lte rn a tiv e  fuel
W a s te w a te r  s lu d g e U sed  o il, s o lv e n t an d  th in n e r

A d so rb e n t P a in t s lu d g e
A sh e s O il-c o n ta m in a te d  c o tto n /G lo v e
S lag S p en t c h a rc o a l, a c tiv a te d  c a rb o n  an d  w ax

Iro n  p o w e r R e s in
S ilic a  r ic h  m a te ria l P la s tic , o ld  tire s  an d  w o o d

E tc . E tc.

2 .7  C la s s i f ic a t io n  o f  a l t e r n a t iv e  fu e l a n d  a l te r n a t iv e  r a w  m a te r ia l

A lte rn a tiv e  fu e ls  a re  th e  so lid , liq u id , m u n ic ip a l o r  in d u s tr ia l w a s te s  u sed  in 
in d u s tr ia l a n d  p o w e r  p la n ts  as  a  su b s titu te  fo r co n v e n tio n a l fu e ls . A lte rn a tiv e  fu e ls  
h av e  b e e n  in  u se  fo r  m o re  th a n  10 y ears . A lte rn a tiv e  fu e ls  u se d  in  th e  c e m e n t in d u stry  
a re  u su a lly  c la s s if ie d  a c c o rd in g  to  th e  c o n c e n tra tio n  c r ite r io n  in to  3 g ro u p s  (Jen k in s  
an d  M a th e r , 1997 ; P iz a n t an d  G au th ie r, 1997):

•  G a se o u s  ( i.e . la n d fill gas, p y ro ly sis  gas)
•  L iq u id  (i.e . p a s ty  w as te s , so lv en ts , w aste  o ils , g rea se s)
•  S o lid  (i.e . a n im a l p o w d e r , b a rk , p ap er, tire s , ru b b e r  w a s te s , p la s tic s , f lu ff)  

A c c o rd in g  to  th e  c la ss if ic a tio n  by  th e  C e m b u re a n , a lte rn a tiv e  fu e ls  are
c la ss if ie d  in to  5 ty p e s  th a t a re  fo llo w in g  (C em b u reau , 1999):

•  C la ss  1 : G a se o u s  a lte rn a tiv e  fue ls (i.e . refinery ' w as te  gas, lan d fill gas)
•  C la s s  2: L iq u id  a lte rn a tiv e  fu e ls  (i.e . low  c h lo r in e  sp e n t so lv e n ts , h y d rau lic

o il)
•  C la ss  3: P u lv e r iz e d , g ra n u la te d  o r f in e ly -c ru sh ed  so lid  a lte rn a tiv e  fu e ls  (i.e . 

sa w d u s t, d r ie d  se w a g e  s lu d g e , g ran u la ted  p la s tic , a n im a l flo u rs , f in e  c ru sh ed  
tire s )

•  C la ss  4 : C o a rse -c ru sh e d  so lid  a lte rn a tiv e  fu e ls  (i.e . c ru sh e d  tires ,
ru b b e r /p la s tic  w as te , w o o d  w aste , re a g g lo m e ra ted  o rg a n ic  m a tte r)

•  C la s s  5: L u m p  a lte rn a tiv e  fu e ls  (i.e . w h o le  tire s , p la s tic  b a le s )
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S o lid  a lte rn a tiv e  fu e l m ay  be c la ss if ie d  in to  4 g ro u p s  (P a u lin , 1998)

•  G ro u p  1: S o lid , d ry  fu e ls  o f  re la tiv e  f in e  s iz e , w h ic h  d o  n o t ad h ere  
(d im e n s io n s  ะ <  2 m m ., h u m id ity  <  10 -15% ) i.e . w o o d  d u s t, b a rk  p o w d e r, rice  
h u sk

•  G ro u p  2: S o lid , d ry  fu e ls  o f  co a rse  s ize , w h ic h  do  n o t a d h e re  (d im e n s io n s  <  20 
m m ., h u m id ity  <  1 0 -1 5 % ) i.e . p la s tic  w aste , w o o d  c h ip s , w a s te  w o o d

•  G ro u p  3: S o lid , d ry  fu e ls  w h ic h  ten d  to  s tick  (d im e n s io n s  <  20  m m ., h u m id ity
<  1 0 -1 5 % ) i.e . a n im a l p o w d e r, im p reg n a ted  w o o d  d u s t

•  G ro u p  4: M ix tu re s  o f  d iffe re n t lu m p y  fu e ls  (d im e n s io n s  <  2 00  m m ., h u m id ity
<  2 0 % ) i.e. f lu ff, p ap e r, ca rd b o a rd
T h e re  is a lso  a n o th e r  c la ss if ic a tio n  o f  so lid  an d  liq u id  fu e ls  u sed  in  cem en t 

in d u s tr ie s  a re  se p e ra te d  in to  3 ty p es  (G ro sse -D a ld ru p  an d  S c h e u b e l, 1996).
•  T y p e  1: V e g e ta b le  co m p o u n d s  o r n a tu ra l p ro d u c ts  (i.e . o il sh a le , p ea t, b a rk s, 

sa w d u s t, a n d  e tc .)
•  T y p e  2: S y n th e tic  p ro d u c ts  (i.e . u sed  tire s , ru b b e rs  w a s te , w a s te  p la s tic , and  

e tc .)
•  T y p e  3: O th e rs  (i.e . p a rts  o f  sh red d ed  ca rs , fu e ls  d e r iv e d  fro m  re jec ts , 

h o u se h o ld  g a rb a g e , an d  e tc .)
L iq u id  fu e ls  a re  se p a ra te d  in to  2 types:

•  T y p e  1: L iq u id  su b s titu te  fu e ls  -  e as ily  d e c o m p o se d , s lig h tly  to x ic  (i.e . ac id  
ta r, o il re s id u e s , a n d  e tc .)

•  T y p e  2: L iq u id  su b s titu te  fu e ls , s tab le  to x ic  (i.e . p o ly a ro m a tic  h y d ro ca rb o n s  
(P A H s), p o ly c h lo r in a te d  b ip h y n y l(P C B ), an d  e tc .)

T h e  b u rn in g  o f  v a r io u s  ty p es  o f  w a s te s  re q u ire s  th e  d e ta ile d  co n tro l and  
a d a p ta tio n  o f  te c h n o lo g ic a l p ro c e sse s  to  each  ty p e  o f  w as te . F o r th is  re a so n , th e  
p ro p e rtie s  o f  th e  w a s te  sh o u ld  b e  an a ly zed  to  fin d  th e  su ita b le  p ro p o r tio n  o f  th e  w aste  
fo r  th e  u se . T h e  fo llo w in g  p ro p e rtie s  o f  th e  w a s te  a re  d e sc r ib e d  as  fo llo w  
(C e m b u re a u , 1999 ; G re c o , 1996):

•  P h y s ica l s ta te  o f  th e  fu e l (so lid , liq u id  o r  g a se o u s)
•  C o n te n t o f  c irc u la tin g  e le m e n ts  (N a , K , C l o r  ร )
•  T o x ic ity  (O rg a n ic  c o m p o u n d s  o r in o rg an ic  c o m p o u n d s )



•  C o m p o s itio n  an d  c o n te n t o f  ash
•  C o n te n t v o la tile s
•  C a lo r if ic  v a lu e
•  P h y s ic a l p ro p e rtie s  (S c rap  size , d en sity , h o m o g e n e ity )
•  G rin d in g  p ro p e rtie s
•  H u m id ity  c o n te n t
•  P ro p o r tio n in g  te ch n o lo g y

2 .8  C h r o m iu m ,  n ic k e l ,  a n d  z in c

2 .8 .1  C h r o m iu m

C h ro m iu m  is an  e le m e n t fo u n d  n a tu ra lly  in  ro ck s , so il an d  p lan ts . It o c c u rs  in 
c o m b in a tio n  w ith  o th e r  e le m e n ts  as  c h ro m iu m  sa lts , so m e  o f  w h ic h  a re  so lu b le  in  
w a te r. T h e  p u re  m e ta llic  fo rm  ra re ly  o ccu rs  n a tu ra lly . C h ro m iu m  d o e s  n o t ev ap o ra te , 
b u t it c a n  be  p re se n t in  a ir  as  p a rtic le s . In n a tu re , it is fo u n d  in  th re e  fo rm s: m e ta l o re , 
tr iv a le n t c h ro m iu m  (C r III), an d  h ex av a len t c h ro m iu m  (C r V I). C h e m ic a l p ro p e rtie s  
o f  c h ro m iu m  a re  a s  fo llo w s  (V in c o li, 1997):

A to m ic  w e ig h t: 51.996
M e ltin g  p o in t: l,857°c
B o ilin g  p o in t: 2,672°c
D en sity : 7 .1 4  g /c m 3

In g e n e ra l, c h ro m iu m  (V I) is m o re  to x ic  th an  c h ro m iu m  (III) b ecau se  its 
o x id iz in g  p o te n tia l is h ig h  an d  it e a s ily  p e n e tra te s  b io lo g ic a l m e m b ra n e s . C h ro m iu m  
is a  c o n f irm e d  h u m a n  ca rc in o g en . It is a  h u m a n  p o iso n  b y  in g e s tio n  w ith  
g a s tro in te s tin a l e ffec ts . It c an  a lso  be  to x ic  by  in h a la tio n . E x p o su re  to  th e  d u s ts  o f  
c h ro m ite  a n d  fe rro c h ro m e  a llo y s  m ay  ca u se  lu n g  d ise a se s , in c lu d in g  p u lm o n a ry  
f ib ro s is  a n d  p n e u m o c o n io s is .
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In  c e m e n t in d u s tr ie s , c h ro m iu m  is fo u n d  in lim e s to n e , c lay , ch a r, and  oil 

w h ic h  a re  th e  fu e l so u rc e s  in  p ro d u c tio n  p ro cess  (S p ru n g , 1985). H a z a rd o u s  w aste  c o ­
in c in e ra tio n  in  c e m e n t k iln s  u ses w as te  as  fuel o r  as raw  m ate ria l in  partia l 
su b s titu tio n  fo r  n a tu ra l m a te ria ls . W aste  su ch  as g a lv a n ic  s lu d g e  an d  e lec tro p la tin g  
slu d g e  c a n  b e  u se d  in  th e  c o - in c in e ra tio n  (D en ise  e t.a l., 2 0 0 0 ).

2 .8 .2  N ic k e l

N ic k e l is a  v e ry  a b u n d a n t n a tu ra l e lem en t. P u re  n ick e l is a  h ard , s ilv e ry -w h ite  
m eta l. N ic k e l c a n  b e  c o m b in e d  w ith  o th e r m e ta ls , su ch  as iro n , co p p e r, ch ro m iu m , 
an d  z in c , to  fo rm  a llo y s . N ic k e l is fo u n d  in  all so il an d  is e m itte d  fro m  v o lcan o es . 
N ic k e l is  a lso  fo u n d  in  m e te o rite s  an d  on  th e  o cean  flo o r. N ic k e l an d  its  co m p o u n d s  
h av e  no  c h a ra c te r is t ic  o d o r  o r taste . C h em ica l p ro p e rtie s  o f  n ick e l a re  as  fo llo w s 
(V in c o li, 1997):

58.71 
l,455°c 

2,730°c

A to m ic  w e ig h t: 
M e ltin g  p o in t: 
B o ilin g  p o in t: 
D en sity : 8.9 g /c m 3 a t 25°c

N ic k e l is  a  se v e re  h u m a n  p o iso n  by  in g e s tio n  an d  in h a la tio n  o f  its  fine ly  
d iv id e d  p o w d e rs  a n d  d u s ts . S k in  c o n ta c t w ith  th e  d u s ts  o f  n ick e l m ay  re su lt in  
sc ra tc h in g  a n d  sc a rrin g . N ic k e l is a  c o n firm e d  c a rc in o g e n  in  a n im a ls  c a u s in g  lu n g  and  
n a sa l tu m o rs . Its  c a rc in o g e n ic  p o ten tia l in  h u m a n s  is c o n s id e re d  h ig h ly  su sp ec t. 
In h a la tio n  o f  n ic k e l d u s ts  o r  fu m es can  cau se  sev ere  in f la m m a tio n  an d  irr ita tio n  o f  the 
u p p e r  re sp ira to ry  tra c t  w ith  n o n p ro d u c tiv e  co u g h , rap id  b re a th in g , an d  tig h tn e ss  in  the  
ch est.

In  c e m e n t in d u s tr ie s , th e  m a in  so u rce s  o f  n ick e l in  p ro d u c tio n  P o rtla n d  cem en t 
a re  lim e s to n e , c lay , co a l, o il, an d  co k e  (S p ru n g , 1985). W aste  su ch  as  g a lv an ic  s lu d g e  
an d  e le c tro p la tin g  s lu d g e  w ere  d isp o se d  in  ce m e n t p ro cess . T h e se  w a s te s  a re  o n e  o f  
th e  m a in  so u rc e s  o f  n ick e l (R ac t e t.a l., 2003).
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2.8.3 Zinc

Z in c  is an  e le m e n t co m m o n ly  fo u n d  in th e  e a r th ’s c ru s t. In n a tu re  z in c  o ccu rs  
as  a  su lf id e , o x id e , o r  ca rb o n a te . In so lu tio n , it is d iv a le n t an d  c a n  fo rm  h y d ra ted  Z n 2+ 
c a tio n s  in  ac id . Z in c  lig an d s  are  so lu b le  in n eu tra l an d  a c id ic  so lu tio n , so th a t z in c  is 
re a d ily  tra n sp o r te d  in  m o s t n a tu ra l w a te rs , bu t z in c  o x id e , th e  c o m p o u n d  m o s t 
c o m m o n ly  u se d  in  in d u stry , h as  a lo w  so lu b ility  in m o st so lv en t. Z in c  ap p ea rs  as a 
sh in in g  w h ite  m e ta l w ith  a  b lu ish -w h ite  o r  g ray  lu ste r. It is u sed  in  a lloys, 
e le c tro p la tin g , m e ta l sp ray in g , an d  au to  parts . C h em ica l p ro p e rtie s  o f  z in c  a re  as 
fo llo w  (V in c o li, 1997):

A to m ic  w e ig h t: 6 5 .3 7
M e ltin g  p o in t: 419°c
B o ilin g  p o in t: 907°c
D en sity : 7 .14  g /c m 3

Z in c  e x h ib its  re la tiv e ly  lo w  to x ic ity , b u t its c o m p o u n d s  an d  sa lts  a re  h ig h ly  
to x ic . It is p r im a rily  to x ic  th ro u g h  in h a la tio n  o f  its d u sts . Z in c  is p o o rly  a b so rb ed  
th ro u g h  th e  d ig e s tiv e  tra c t an d , th e re fo re , in g es tio n  is n o t c o n s id e re d  a  to x ic  ex p o su re  
ro u te . S k in  c o n ta c t m ay  ca u se  lo ca liz ed  irrita tio n . T h e re  a re  no  d a ta  in  th e  re fe ren ces  
re g a rd in g  its  c a rc in o g e n ic  o r  m u tag en ic  p ro p e rtie s . In h a la tio n  o f  z in c  d u s ts  c a n  lead  to  
co u g h in g , p h le g m , sn e e z in g , an d  o th e r  in d ic a tio n s  o f  m e c h a n ic a l irrita tio n .

In  c e m e n t in d u s tr ie s , z in c  is p re se n t as  a  m in o r  e le m e n t in  tire s . It is 
e x te n s iv e ly  u sed  as  a lte rn a tiv e  fuel in cem en t in d u s try  w o rld w id e . It is a lso  fo u n d  in  
e le c tro p la tin g  s lu d g e  (S u w im o l an d  D u an g ru ed ee , 2 0 0 4 ).

2.8.4 Heavy metals in cement

N o rm a lly , th e  c e m e n t in d u s tr ie s  h av e  a  g u id e lin e  to  re c e iv e  th e  h a z a rd o u s  
w a s te  fo r  d isp o s in g  in  th e  p ro d u c tio n  p ro cess . T ab le  2 .4  is th e  g u id e lin e  o f  h eav y  
m e ta lร in  th e  w a s te  th a t th e  c e m e n t in d u s try  c a n  re c e iv e  th is  w a s te  to  d isp o se  in  th e  
p ro d u c tio n  p ro c e ss .
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T a b le  2 .4  A c c e p ta b le  ran g e  o f  h eav y  m e ta ls  in h a z a rd o u s  w as te  fo r  c e m e n t in d u stry

H e a v y  m e ta l C o n c e n t r a t io n ,  w t .%
A rse n ic < 0 .5
B ariu m <  10.0

C ad m iu m < 0 .1
C h ro m iu m < 0 .5

C o p p e r < 4 .0
lead <  1.0

M ercu ry < 0 .0 5
N ic k e l <  10.0
S ilv e r <  10.0

S e le n iu m <  10.0
V a n a d iu m <  10.0

Z in c <  10.0

A lth o u g h  a  m e ta l c o m p o u n d  is ch a n g e d  in  th e  c o m b u s tio n  p ro c e ss , it is n o t 
d e s tro y e d  in  a  c o m b u s tio n  d ev ice . N o rm a lly , h e a v y  m e ta ls  o c c u r  o n ly  in  m in o r  
q u a n ti t ie s  in  c e m e n t a n d  d o  n o t c a u se  an y  p ro b le m . T h e  m e ta ls  w ill b e  p re se n t in  th e  
e m iss io n , th e  c e m e n t k i ln  d u s t o r  th e  c lin k e r. T h e  re c e n t s tu d ie s  h a v e  fo c u se d  o n  th e  
m e ta ls  th a t  m ig h t b e  p re se n t in  th e  ra w  m a te r ia l o r  fu e l in v o lv e d  in  th e  cem e n t 
p ro d u c tio n  p ro c e ss . S p ru n g  (1 9 8 5 ) s tu d ie d  th e  b e h a v io r  o f  a rse n ic , c ad m iu m , 
c h ro m iu m , le ad , n ic k e l, th a lliu m , an d  z inc . M o s t o f  th e se  m e ta ls  fed  in to  th e  raw  
m a te r ia l w e re  re ta in e d  in  th e  c lin k e r  an d  c e m e n t k iln  d u st. T h e  re su lt in d ica ted  th a t 
th e  d is tr ib u tio n  o f  a  m e ta l b e tw e e n  th e  c lin k e r  an d  th e  c e m e n t k iln  d u s t d e p e n d  on  the  
q u a n tity  o f  th e  m e ta l fe d  in to  th e  k iln , th e  c h lo r id e  c o n te n t, o r  th e  m a n u fa c tu r in g  
p ro c e ss . F o r  e x a m p le , th e  d is tr ib u tio n  o f  z in c , a rse n ic , c h ro m iu m  an d  n ick e l w as 
re la tiv e ly  in se n s it iv e  to  b o th  th e  p ro d u c tio n  p ro c e ss  a n d  th e  c h lo r id e  c o n te n t, an d  w as 
la rg e ly  b o u n d  in  th e  c lin k e r.

S te p h a n  e t a l. (1 9 9 9 ) s tu d ie d  th e  in f lu e n c e  o f  h ig h  in ta k e s  o f  C r, N i an d  Z n  on  
th e  b u rn in g  p ro c e s s  an d  th e  fo rm a tio n  o f  th e  c lin k e r  p h ase . In  th is  s tu d y , c lin k e r  w as 
s im u la te d  in  a  la b o ra to ry . T h e  re su lts  sh o w ed  th a t o n ly  v e ry  h ig h  in ta k e s  o f  heav y
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m e ta ls  h ad  a  m e a su ra b le  e ffe c t on  the  fo rm a tio n  an d  c o m p o s itio n  o f  th e  c lin k e r. In 
a d d itio n , B a rro s  e t al. (2 0 0 4 )  in v es tig a ted  th e  e ffe c ts  o f  C r2 Û 3 an d  N iO  ad d itio n s  on  
tra n s fo rm a tio n s  d u rin g  th e  p ro d u c tio n  o f  P o rtla n d  c e m e n t c lin k e r. T h e  re su lts  sh o w ed  
th a t th e  C r 2 Û 3  a d d itio n s  to  c e m e n t raw  m ea l a c t as  an  in h ib ito r  C 2 S fo rm a tio n . N iO  
has v e ry  little  e ffe c t o n  c lin k e r  reac tio n s  b u t N i d o es  ca u se  a  sm a ll in c rea se  in  th e  
te m p e ra tu re  o f  C 2 S fo rm a tio n . A lso , all the  N i ad d ed  to  th e  c h a rg e  w as n o t lo s t d u rin g  
p ro cess in g .

M u ra t e t a l. (1 9 9 6 ) e x a m in e d  th e  e ffec ts  o f  la rg e  a d d itio n s  o f  C d , P b , C r  and  
Z n  to  P o rtla n d  c e m e n t ra w  m eal on  th e  c o m p o s itio n  an d  p ro p e rtie s  o f  c lin k e r. T h e  
re su lts  sh o w e d  th a t a  la rg e  a m o u n t o f  c h ro m iu m  (8 4 % ) w a s  tra p p e d  an d  5 3 %  o f  z inc  
w as fix ed  in  P o rtla n d  cem e n t c lin k e r. A lso , Z n O  a d d itio n  in c re a se d  th e  a lite  s ize  
c ry sta ls .

v o n  S e e b a c h  an d  T o m p k in s  (1 9 9 1 ) in v e s tig a te d  th e  fa te  o f  m e ta ls  in  th e  
c e m e n t k iln  sy s tem . T h re e  d ry  p ro cess  cem e n t k iln s  e q u ip p e d  w ith  p re c a lc in e rs , tw o  
d ry  p ro c e ss  c e m e n t k iln s  eq u ip p e d  w ith  p re h e a te rs , an d  o n e  w e t p ro c e ss  c e m e n t k iln  
w as u se d  in  th e  in v e s tig a tio n . T h e  m e ta ls  in v e s tig a te d  w e re  an tim o n y , a rsen ic , 
b a riu m , b e ry lliu m , c a d m iu m , c h ro m iu m , lead , n ick e l, s e le n iu m , s ilv e r, v a n a d iu m , an d  
z in c . T h e  to ta l in p u t an d  o u tp u t o f  th e  m e ta ls  w e re  a n a ly z e d  to  e s tim a te  th e  re te n tio n  
in  th e  p ro c e ss  so lid s  v e rsu s  th e  co n c e n tra tio n s  in  th e  e m iss io n . T h e  re su lts  sh o w  th a t 
g re a te r  th a n  9 9 %  o f  th e  m e ta ls  w ere  rem in ed  in  th e  p ro c e ss  so lid s . N o  d iffe re n ce  in  
th e  e m iss io n s  o f  th e se  m e ta ls  w as  n o ted  w h e n  p o r tio n  o f  th e  c o a l w a s  re p la c e d  by  
h a z a rd o u s  w a s te  fuel.

2.9 Leaching test

T h e re  a re  a  v a rie ty  o f  te s ts  av a ilab le  fo r c h a ra c te r iz in g  th e  le a c h in g  b eh av io r. 
T h ese  te s ts  in c lu d e  a g ita te d  e x tra c tio n  te s ts , se ria l b a tc h  te s ts , f lo w -th ro u g h  tests , 
f lo w -a ro u n d  te s ts , e tc . T h e  le a c h in g  m e th o d s  a re  s e p a ra te d  in to  3 ty p es: (1 ) reg u la to ry  
m e th o d  a re  th o se  a p p ro v e d  by  a  reg u la to ry  ag en cy  to  g e n e ra te  sp e c if ic  in fo rm a tio n  fo r 
su b m iss io n  in  a  leg a l c o n te x t (i.e . T o x ic ity  c h a ra c te r is tic  le a c h in g  p ro c e d u re  (T C L P ), 
M u ltip le  e x tra c tio n  p ro c e d u re  (M E P ), e tc .); (2 ) s ta n d a rd  m e th o d s  a re  th o se  ad o p ted
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by  a  s ta n d a rd s  o rg a n iz a tio n  (A S T M , IS O ) fo r a sp e c if ic  se t o f  co n d itio n s  and  
so m e tim e s  fo r sp e c if ic  m a te r ia ls  (i.e . S tan d ard  te s t m e th o d  fo r s in g le  b a tch  ex trac tio n  
m e th o d  fo r w a s te s  (A S T M  m e th o d  D -5 2 3 3 ), A v a ila b ility  le a c h in g  te s t (N E N  7341), 
e tc .); an d  (3 ) re se a rc h  m e th o d s  d ev e lo p ed  fo r a  p a r tic u la r  o b je c tiv e . R eg u la to ry  and  
s ta n d a rd  m e th o d s  a re  f re q u e n tly  u sed  fo r re sea rch  p ro jec ts . T h e  leach in g  te s tin g  
te c h n iq u e s  th a t a re  w id e ly  u sed  to  ev a lu a te  th e  le ach in g  a m o u n t o f  h eav y  m e ta ls  from  
th e  c e m e n t in c lu d e  T C L P , A v a ila b ility  T es t (N E N  7-341), p H  s ta tic  leach  test, and  
N o tif ic a tio n  o f  M in is try  o f  In d u stry  N o .6 B .E . 2 5 4 0  (1 9 9 7 ). T h e  de ta il o f  each  
m e th o d  is  d e sc r ib e d  a s  fo llo w :

2 .9 .1  T o x ic i ty  c h a r a c t e r i s t i c  le a c h in g  p r o c e d u r e  (T C L P )  (บ .ร . E P A  m e th o d  1311)

T C L P  w as  d e v e lo p e d  in  1984 u n d e r th e  H a z a rd o u s  an d  S o lid  W aste  
A m e n d m e n ts  to  th e  R e so u rc e  C o n se rv a tio n  an d  R eco v e ry  A c t (R C R A ). T h e  m e th o d  
is th e  บ .ร . E P A  re g u la to ry  m e th o d  fo r c la ss ify in g  w a s te s  as  h a z a rd o u s  o r n on - 
h a z a rd o u s  b a se d  o n  to x ic ity . I f  th e  T C L P  e x tra c t c o n ta in s  a n y  o n e  o f  th e  to x ic ity  
c h a ra c te r is tic  c o n s ti tu e n ts  in  an  a m o u n t equal to  o r  g re a te r  th a n  th e  c o n c e n tra tio n s  
sp e c if ie d  in  4 0  C F R  2 6 1 .2 4 , th e  w as te  p o sse sse s  th e  c h a ra c te r is tic s  o f  to x ic ity  an d  is a 
h a z a rd o u s  w aste .

T C L P  is  d e s ig n e d  to  s im u la te  th e  le a c h in g  o f  a  w a s te  i f  d isp o se d  in  an  u n lin ed  
sa n ita ry  la n d fill. T h e  m e th o d  is an  a g ita te d  e x tra c tio n  te s t u s in g  le a c h in g  flu id  th a t is a 
fu n c tio n  o f  th e  a lk a lin ity  o f  th e  so lid  p h a se  o f  th e  w aste . T h e  T C L P  is d e s ig n e d  to  
d e te rm in e  th e  m o b ility  o f  40  to x ic ity  c h a ra c te r is tic  c o n s titu e n ts  in  liq u id , so lid , and  
m u ltip h a s ic  w a s te s . T h e  to x ic ity  c h a ra c te ris tic  c o n s titu e n ts  in c lu d e  b o th  in o rg an ic  and  
o rg a n ic  sp e c ie s . T h e re  is  a n o th e r  te s t s im ila r  to  th e  to x ic ity  c h a ra c te r is tic  leach in g  
p ro c e d u re  (T C L P ) th a t  d e sc r ib e  b y  M in is try  o f  In d u s try  o f  T h a ila n d .

2.9.2 Notification of Ministry of Industry No. 6 B.E. 2540 (1997)

A c c o rd in g  to  th e  N o tif ic a tio n  o f  M in is try  o f  In d u s try  N o .6 , B .E . 2 5 4 0  (1 9 9 7 ), 
is su e d  u n d e r  F a c to ry  A c t, B .E . 2 5 3 9  (1 9 9 6 ), s ta b iliz e d  an d  so lid if ie d  m a te ria ls  m u st 
b e  te s te d  fo r th e  le a c h a te  c h a ra c te r is tic s  by  le ach a te  e x tra c tio n  p ro ced u re  and
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d e te rm in e d  th e  c o n c e n tra tio n s  o f  c o n ta m in a n ts  in  e x tra c tio n  f lu id . T h is  te s t is s im ila r  
to  th e  to x ic ity  c h a ra c te r is tic  le ach in g  p ro c e d u re  (T C L P ) to  d e te rm in e  w h e th e r  a  w aste  
e x h ib its  h a z a rd o u s  c h a ra c te r is tic s  b a se d  o n  th e  บ .ร . E P A  T o x ic ity  C h a ra c te ris tic  (T C ) 
c r ite r ia  (4 0  C F R  2 6 1 .2 4 ). L ik e  th e  T C L P  te s t m e th o d , le ach a te  e x tra c tio n  p ro ced u re  
d e sc r ib e d  in  th e  N o tif ic a tio n  N o .6 (1 9 9 7 ). T h e  e x tra c tio n  f lu id  m a d e  w ith  80%  o f  
su lfu ric  a c id  a n d  2 0 %  o f  n itr ic  ac id  in  d e io n iz e d  (D I) w a te r  to  a  p H  o f  5 .0  is se lec ted  
to  m im ic  c o n d itio n s  in  a  a c id  ra in . T h is  te s t is a p p lie d  to  d e te rm in e  th e  leach a te  from  
th e  c e m e n t b a se d -p ro d u c t, c e m e n t b a se d -s ta b iliz e d , an d  o th e r  m a te ria ls .

M an y  p re v io u s  re se a rch e s  s tu d ied  th e  u se  o f  le a c h in g  te s t  on  cem e n t-b a se d  
p ro d u c ts , c e m e n t-b a se  s ta b iliz e d  an d  o th e r m a te ria ls . T h e  T C L P  is a lso  u sed  to  
in v e s tig a te  th e  le a c h a b ility  o f  h e a v y  m eta ls . W an g  et al. (2 0 0 0 )  in v e s tig a te d  th e  
le a c h a b ility  o f  c h ro m iu m  (V I) fro m  so lid if ic a tio n  c h ro m iu m  (V I) w ith  cem en t. T h e  
to x ic ity  c h a ra c te r is t ic  le a c h in g  p ro c e d u re  (T C L P ) w as u se d  to  o b se rv e  th e  le a c h a b ility  ' 
o f  c h ro m iu m  (V I). T h e  re su lts  c o n c lu d e d  th a t  th e  le a c h a b ility  o f  c h ro m iu m  (V I) 
d u rin g  T C L P  te s t in g  w as  d e p e n d e n t o n  th e  in itia l c o n c e n tra tio n  a n d  th e  tim e . T h ey  
a lso  c o n c lu d e d  th a t  th e  K ^ C rC V cem en t ra tio  sh o u ld  n o t b e  h ig h e r  th a n  0 .2 %  in  o rd e r 
n o t to  e x c e e d  th e  c h ro m iu m  c o n c e n tra tio n  o f  5 p p m  e s ta b lish e d  b y  th e  T C L P  lim it.

W a n g  an d  V ip u la n a n d a n  (1 9 9 6 ) a lso  u se d  e x te n d e d  T C L P  to  e v a lu a te  le ach ed  
lead  fro m  c e m e n t-c o a l fly  a sh  s ta b iliz e d  p ro d u c ts . T h ey  fo u n d  th a t a d d itio n  o f  f ly  a sh  
re d u c e d  th e  c o n c e n tra tio n  o f  le ach ed  lead  b y  10%  to  3 0 %  c o m p a re d  to  o n ly  co rn en t 
p a s te . H o w e v e r , a s  in itia l c o n c e n tra tio n  o f  le a d  w as g re a te r  th a n  10% , le ach ed  
c o n c e n tra tio n  o f  le ad  fro m  a ll o f  s ta b iliz e d  p ro d u c ts  e x c e e d e d  th e  re g u la to ry  lim it.

R a c h a k o m k ij (2 0 0 0 )  fo u n d  th a t c o n c e n tra tio n  o f  le a c h e d  le ad  fro m  raw  
M u n ic ip a l so lid  w a s te  in c in e ra to r  f ly  a sh  fa ile d  to  m e e t th e  T C L P  lim its . H o w ev e r, 
a f te r  s ta b iliz e d  in  c e m e n t m o rta rs , c o n c e n tra tio n s  o f  a ll re g u la te d  m e ta ls  p a sse d  th e  
test.

A sa v a p is it  a n d  C h o tk la n g  (2 0 0 4 ) in v e s tig a te d  th e  p o te n tia l u tiliz a tio n  o f  
a lk a li-a c tiv a te d  p u lv e r iz e d  fu e l a sh  as  a  so lid if ic a tio n  b in d e r  to  tre a t e le c tro p la tin g  
s lu d g e . C o m p re s s iv e  s tre n g th  an d  le a c h a b ility  o f  h e a v y  m e ta ls  fro m  th e  so lid if ied
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e le c tro p la tin g  s lu d g e  w e re  d e te rm in e d  to  a sse ss  th e  p o te n tia l fo r  u tiliz a tio n . M eta ls  
le a c h in g  fro m  th e  so lid if ie d  w a s te s  w ere  a sse sse d  u s in g  th e  to x ic ity  c h a ra c te r is tic  
le a c h in g  p ro c e d u re  (T C L P ). T h e  re su lts  sh o w ed  th a t lead , c a d m iu m  an d  c o p p e r  w ere  
n o t fo u n d  in  th e  to x ic ity  c h a ra c te r is tic  leach in g  p ro c e d u re  le ach a tes . C h ro m iu m , z inc  
an d  fe rric  w ere  d e te c te d . In so m e  cases , c h ro m iu m  e x c e e d e d  บ .ร . E P A  a llo w ab le  
lim its .

2 .9 .3  A v a i la b i l i ty  le a c h in g  T e s t  (N E N  7 3 4 1 ) ( N e th e r la n d s  N o r m a l iz a t io n  I n s t i tu te
1993)

T h e  a v a ila b ility  le a c h in g  te s t is an  a g ita te d  e x tra c tio n  m e th o d  th a t w as 
d e v e lo p e d  in  T h e  N e th e r la n d s . It is b a sed  on  le a c h in g  a  f in e ly  g ro u n d  sa m p le  u n d e r 
tw o  c o n tro lle d  p H  c o n d itio n s . T h e  p u rp o se  o f  th e  te s t is to  in d ic a te  th e  q u a n tity  o f  an  
e le m e n t th a t m a y  b e  le a c h e d  fro m  a  m a te ria l u n d e r  e x tre m e  e n v iro n m e n ta l c o n d itio n s , 
e .g . in  th e  v e ry  lo n g  te rm , a fte r  d is in te g ra tio n  o f  th e  m a te ria l, w h e n  th e  m a te ria l is 
fu lly  o x id iz e d , o r  w ith  c o m p le te  lo ss  o f  ac id  n e u tra liz a tio n  c a p a c ity  (d e  G ro o t and  
H o ed e , 1994 ; B ra d le y  e t a l, 2000).

T h e  re c e n t s tu d ie s  h av e  u sed  th is  m e th o d  o n  c e m e n t-b a se d  p ro d u c ts , c em en t-  
b a se d  s ta b il iz e d  a n d  o th e r  m a te ria ls . T h ese  le a c h in g  te s ts  a re  a lso  u se d  to  in v es tig a te  
th e  m a x im u m  le a c h a b ility . C ra n n e ll e t ฟ ., 2 0 0 0  s tu d ie d  th e  h e a v y  m e ta l s ta b iliz a tio n  
in  m u n ic ip a l so lid  w a s te  c o m b u s tio n  a sh  u s in g  so lu b le  p h o sp h a te . R e d u c tio n s  in  
le a c h in g  o b se rv e d  th ro u g h  th e  D u tch  to ta l a v a ila b ility  le a c h in g  te s ts  d e m o n s tra te  th e  
e ffe c tiv e n e ss  o f  so lu b le  p h o sp h a te  in s tab iliz in g  lead , co p p e r , z in c  an d  c a d m iu m  in 
b o tto m  ash . A v a ila b il i ty  le a c h in g  sh o w ed  th e  re d u c tio n  in  th e  fra c tio n s  a v a ila b le  fo r 
le ach in g , w h ic h  w e re  14%  fo r c ad m iu m , 9 8 %  fo r c o p p e r , 9 9 %  fo r  le ad  a n d  3 6 %  fo r 
z in c .

H o h b e rg  e t a l. (2 0 0 0 )  in v e s tig a te d  th e  d e v e lo p m e n t o f  a  le a c h in g  s ta n d a rd  fo r 
th e  d e te rm in a tio n  o f  th e  e n v iro n m e n ta l q u a lity  o f  c o n c re te . T h e  te s t p ro to c o l in c lu d es  
an  a v a ila b ility  te s t. T h e  re su lt from  th e  a v a ila b ility  te s t in d ic a te d  th a t th e  p re c is io n  in 
te rm s  o f  re p e a ta b il i ty  o f  th e  te s t is g o o d  an d  th e  re p ro d u c ib ility  is  a c c e p tab le .
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2 .9 .4  p H  s ta t ic  le a c h  te s t  (C E N  T C  2 9 2 , T h e  N e th e r la n d s )

T h e  p H  s ta tic  leach  te s t is n o w  s tan d a rd ized  in  W o rk in g  G ro u p  6 o f  C E N  T C  
2 92  C h a ra c te r iz a tio n  o f  W aste  (v an  d e r S lo o t e t a l, 2 0 0 0 ). T h is  m e th o d  is an 
e x tra c tio n  o f  g ra n u la r  m a te r ia l a t c o n tro lle d  pH . T h e  p u rp o se  o f  th e  te s t is to 
d e te rm in e  th e  e ffe c t o f  d e c re a s in g  o r in c rea s in g  p H  c o n d itio n s  o n  leach ab ility . S ince  
th e  c o n d itio n s  a re  v e ry  d iffe re n t fo r d iffe ren t u ses , th e  p H  is o n e  o f  th e  m o st cruc ia l 
p a ra m e te rs  g o v e rn in g  th e  re lea se  o f  c o n s titu e n ts  fro m  th e  so lid  p h a se  in to  so lu tion . 
T h is  m e th o d  is  u se d  to  c o v e r  im p o rta n t d iffe ren ces  in  p H  e n v iro n m e n t (v a n  d e r S lo o t 
e t a l, 2 0 0 1 ; v a n  d e r  S lo o t, 2 0 0 2 ). M an y  p re v io u s  re se a rc h e s  s tu d ie d  th e  u se  o f  
le a c h in g  te s ts  o n  c e m e n t-b a se d  p ro d u c ts , c e m e n t-b a se  s ta b iliz e d  an d  o th e r  m a te ria ls . 
T h ese  le a c h in g  te s ts  a re  a lso  u sed  to  in v es tig a te  th e  le a c h a b ility  o f  h eav y  m eta ls .

H .A . v a n  d e r  S lo o t (2 0 0 2 ) s tu d ied  th e  c h a ra c te r iz a tio n  o f  th e  leach in g  
b e h a v io r  o f  c o n c re te  m o rta rs  an d  o f  c e m e n t-s ta b iliz e d  w a s te s  w ith  d iffe re n t w aste  
lo a d in g s  fo r  lo n g - te rm  e n v iro n m e n ta l a sse ssm e n t. T h e  re su lts  fro m  p H -d e p e n d e n t 
m e a su re m e n ts  o n  s ta n d a rd  m o rta rs  an d  c e m e n t-s ta b iliz e d  w a s te  sh o w e d  th a t th e  
c h e m is try  h a s  m a n y  s im ila r itie s  an d  so m e  v e ry  p ro n o u n c e d  c h e m ic a l d iffe ren ces . 
C h a n g e s  in  th e  c h e m ic a l e n v iro n m e n t, as  th e y  m a y  o c c u r  in  th e  lo n g  te rm , are  
a d d re s se d  in  th e  p H  d e p e n d e n t te s ts  b y  a llo w in g  an  a s se s sm e n t o f  th e  m a g n itu d e  and  
d ire c tio n  o f  c h a n g e  in  le a c h a b ility  u p o n  c h a n g e s  in  e x te rn a l e x p o su re  c o n d itio n s .

B ra d le y  ร . C ra n n e ll e t ah , 2 0 0 0  s tu d ie d  th e  h e a v y  m e ta l s ta b iliz a tio n  in  
m u n ic ip a l so lid  w a s te  c o m b u s tio n  a sh  u s in g  so lu b le  p h o sp h a te . R e d u c tio n s  in 
le a c h in g  o b se rv e d  th ro u g h  p H  d e p e n d e n t le a c h in g  te s ts  d e m o n s tra te  th e  e ffe c tiv en e ss  
o f  so lu b le  p h o sp h a te  in  s ta b iliz in g  lead , c o p p e r, z in c  a n d  c a d m iu m  in  b o tto m  ash . 
p H -d e p e n d e n t le a c h in g  sh o w e d  th a t th e  tre a tm e n t w a s  a b le  to  re d u c e  eq u ilib riu m  
c o n c e n tra tio n s  b y  0 .5  to  3 lo g  u n its  fo r  th e se  h e a v y  m e ta ls .

In  su m m a ry , th e  c o n d itio n s  th a t w e re  ta k e n  fro m  lite ra tu re  re v ie w  in c lu d ed  the  
c lin k e r  b u rn in g  d u ra tio n  fro m  30  m in u te s  to  90  m in u te s  a n d  th e  b u rn in g  tem p e ra tu re  
d u rin g  1400  - 1500°c (K ak a li e t ah , 1997; S te p h a n  e t a h , 1999 ; T re z z a  an d  S cian , 
2 0 0 0 ; R a c t e t a h , 2 0 0 3 ).
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